Right ventricular out ow tract (RVOT) reconstruction surgery is one of the surgical strategies for congenital heart failure, and is commonly used for the treatment of severe heart failure with pulmonary valvular problems. An expanded polytetra uoroethylene (ePTFE) pulmonary valve was invented for RVOT reconstruction, and the authors have tested its hemodynamic and hydrodynamic characteristics for design improvement. The special features of the ePTFE valve are as follows: (a) anatomically identical trilea et structure, and (b) bulging sinuses in the vicinity of lea ets. In this study, we used three types of pulmonary valves; an ePTFE valve with bulging sinuses, an ePTFE valve in straight conduit, and a natural pulmonary arterial valve extracted from a goat after the animal experiment. Then we measured the hemodynamic characteristics of the various types of ePTFE valves using a mechanical pulmonary circulatory system. Next, using the pressure and ow data derived from the mechanical circulatory system, we calculated the mechanical design parameters of the ePTFE valves based on a numerical modeling method by inverse analyses. The mathematical parameters we used in the model were inertia, damping, and stiffness coefcients, and we compared these values among three types of pulmonary valves. We succeeded to estimate the mechanical parameters for each valve from the hemodynamic data. The results suggest that the ePTFE valve with bulging sinuses may exhibit similar parametric characteristics to those calculated from the natural pulmonary heart valves.
Introduction
There were several approaches for quantitative description of the mechanical interactions in heart valve motion or vascular vessel stresses [1] [2] [3] [4] [5] [6] . In vivo or in vitro parameter identi cation by inverse analyses is generally performed for evaluating the mechanical stress in a limited number of series of hemodynamic data. These conventional approaches involve parametric identi cation based on the parametric regulation in the range of clinical demands, such as the vascular size selection and graft impedance matching, for the purpose of preventing chronic complications.
The hemodynamic or uid dynamic parameters such as pressure gradients and leakage, are useful to explain uid dynamic behavior. However, the design parameters of the valves cannot be embedded in each hemodynamic characteristic.
Various prosthetic materials and valves are available for the right ventricular out ow tract (RVOT) reconstruction. Yet, both mechanical and bioprosthetic valved conduits, including allografts and homografts, are insuf cient due to poor hemodynamic performance and long-term complications associated with thrombosis and calci cation, especially in very young patients [7] [8] [9] [10] [11] [12] [13] . In this study, we focused on the quantitative expression of design parameters for sophisticated design of the expanded polytetra uoroethylene (ePTFE) valve for the use in RVOT reconstruction surgery. The RVOT reconstruction is commonly performed as a surgical treatment for congenital heart diseases with pulmonary coarctation, to decrease right ventricular afterload and to promote pulmonary arterial blood ow. Initial clinical studies of the ePTFE valve reported excellent early-to-midterm results [14, 16] . A report suggested that surgical strategy using the ePTFE valve may promote patients circulatory conditions and contribute to the elimination of reoperation as well as the prevention of pulmonary insuf ciency [16] .
The authors have been engaged in the development of a sophisticated handmade ePTFE valved conduit for congenital heart failure patients. The special features of the valve are as follows: (a) fan-shaped trilea et made of ePTFE sheet and (b) bulging sinuses around the lea ets deformed in the ePTFE conduit through a special heating fabrication process [14] . Figure 1 is a schematic illustration of the ePTFE valved conduit installed as an extracardiac surgical connection for the reconstruction of pulmonary arterial ow. Designing these ePTFE valves should be based on the concept of hemocompatibility as well as hemodynamic regulation in order to prevent thrombosis and to decrease the pulmonary arterial back ow.
The purpose of this study was to establish a quantitative analysis to evaluate different types of valvular dynamics that might be associated with valve lea et or valvular conduit sinus design. Then we applied a mathematical model to express the physical interaction between the transvalvular pressure gradient and ow, and compared the model parametric changes calculated by inverse analyses.
In this study, we performed a mock experiment using ePTFE valves and a native pulmonary arterial valve. The relations between ow rate and valvular opening area were obtained. Then we examined the mechanical design parameters of the ePTFE valve dynamics quantitatively using a mathematical model. Inverse analysis method was used for the evaluation of the valve followed by hemodynamic measurements in the mechanical pediatric pulmonary circulatory system.
Materials and Methods

Pulmonary heart valves tested
To compare the hemodynamic characteristics, we used three types of pulmonary heart valves: (a) a natural pulmonary arterial valve extracted from a goat after the animal experiment, (b) a trilea et ePTFE pulmonary valve in a straight ePTFE conduit, and (c) a trilea et ePTFE pulmonary valve in an ePTFE conduit with bulging sinuses.
The native pulmonary arterial valve, including the pulmonary arterial wall, was freshly extracted from a small sized healthy goat (20.9 kg in weight) after animal experiment. The valve portion was trimmed, and the wall portion was covered with surgical felt to fabricate the suture rings. All the procedures in the animal experimental protocols were approved by the Tohoku University Animal Experimental Committee, and the animal experiment was performed in accordance with the Regulations for Animal Experiments and Related Activities at Tohoku University.
The structural speci cations of ePTFE valves were as follows: the diameter and the thickness of the conduit were 18 and 0.6 mm, respectively. The hemisphere-shaped bulging sinuses, 3 mm in depth, were formed on the conduit wall. Fan-shaped leaflets were cut out from an ePTFE pericardial sheet and sutured along the curved bottom suture lines in the bulging conduit [14] . The lea et cusps and bulging sinuses were xed on the conduit wall by ePTFE suture. A straight valved conduit without bulging sinuses was made, and the lea ets were sutured on the wall in similar positions.
Transvalvular pressure and ow in the mock circulatory system
We developed a mechanical pediatric pulmonary circulatory system for the examination of valvular characteristics, which was capable of simulating normal pulmonary hemodynamics in small sized patients [15] . The system consisted of a pneumatic-driven silicone right ventricle, a right atrium compliant tubing with a bilea et polymer valve, a pulmonary valve chamber with a visualization port, a pulmonary arterial model with a peripheral resistive unit, and a venous reservoir (Fig. 3) .
Pulsatile ow was generated by the right ventricular model which was controlled by the pneumatic driver. The systole/diastole ratio was regulated by controller that we designed. Room temperature saline was used as the circulatory medium. A compressor supplied driving pressure to contract the right ventricle during systole. The driving pressure of the right ventricle, generated by an air compressor, was maintained constant at 30 mmHg. Pulmonary vascular resistance was mechanically xed and maintained constant throughout the study. Pressure waveforms were measured by pressure transducers (Nihon Kohden, DX-300, Japan) at the transvalvular positions, the right ventricular model out ow port and the pulmonary arterial model in ow portion. Pulmonary ow was measured at the out ow portion of the right ventricle using an ultrasonic blood ow probe (Transonic Systems Inc., ME13PXN, USA). These hemodynamic data were digitally recorded by a digital recording unit (TEAC, LX-10, Japan) at a sampling frequency of 1 kHz. Experimental conditions are shown in Table 1 .
Mathematical modeling and inverse analysis
First, we investigated the interaction between the valve opening angle and the transvalvular ow to obtain the analogical parametric relationship based on ow. Then we applied a three-element mathematical model consisting of a one-dimensional mechanical dynamic system as shown in Fig. 4 . Three constants; k, c and m, were implemented as the coefcients for the displacement x, the rst and the second derivations of x, respectively. This is a typical mck model with mass m , damper c , and spring k for the inertia, viscous and elastic resistances. We applied the ow to the parameter x and the pressure gradient to the parameter F in Eq. (1) . Using the inverse analysis method, the system parameters m, c, k can be calculated from Eq. (2) using a generalized inverse matrix. Values for input or output in Eq. (2) were calculated from simultaneous pressure gradient and ow data obtained from the pulmonary mechanical circulatory system. Therefore, the mathematical model representing the valvular response could be constructed.
mẍ
Then we recalculated the transvalvular pressure gradient waveform directly using these mck parameters to examine the systems dynamic response of the mathematical model. Calculations were performed using MATLAB (Mathworks, USA) and Mathematica (Wolfram, USA).
Results
Measurement of hemodynamic waveforms
We were able to reproduce the pulmonary hemodynamic waveforms using the pediatric pulmonary circulatory system. Hemodynamic waveforms at pump rates of 60 and 120 bpm and systolic fraction of 35% in three different types of valve are shown in Fig. 5 . The systolic maximum transvalvular pressure gradient (dP), pressure gradient against the transvalvular ow (dP/Q) and pressure gradient against the ow acceleration ((dP/dt)/(dQ/dt)) in the three valves were calculated ( Table 2) . The values of the native goat pulmonary artery valve were smaller than those of the other valves. The straight conduit ePTFE valve showed bigger dP, dP/Q and (dP/dt)/(dQ/dt) value than the other two types of valves.
The mathematical model yielded an association between displacement of valve lea et and ow rate. The opening area in each valve was evaluated during systole, and the changes in the area and the transvalvular ow were measured. Figure 6 shows an example of the relationship between the normalized valve opening area and ow rate. Consequently we could assume a linear relationship between these two parameters.
Mathematical model parameters
The mathematical model parameters of three different types of valve were calculated from the transvalvular pressure gradient and ow using inverse analyses. As shown in Fig. 7 , the valved conduit with bulging sinuses exhibited lower hemodynamic resistance than the straight conduit. Moreover, the value of parameter c in the bulging sinus valve was smallest among all valves. The parameters obtained from the straight valved conduit were higher Fig. 6 Relationship between valve opening ratio and transvalvular ow rate in the ePTFE-valved conduit with bulging sinus during a cardiac cycle at 60 bpm. 
than those from the other valves. We also recalculated the pressure gradient waveforms using the mck parameters estimated by inverse matrices. As shown in the Fig. 8 , recalculation yielded waveforms with similar characteristics to those derived from the mechanical circulatory system.
Discussion
In this study, we applied the inverse analysis to calculate functional parameters to explain the changes in dynamic behavior associated with the valvular shape design. From the mck model investigation, the interactions between the transvalvular pressure and ow can be expressed quantitatively by inertial, viscous, and an elastic parameters of a model.
Our purpose of the development of pediatric ePTFE valve is to guide design direction in a sophisticated manner based on quantitative evaluation. Therefore, the expression of the parametric changes associated with valvular conduit shape design or material could be one of the factors to determine the design direction. The increases in model parameters m , c and k that represent the inertia, viscosity and elastic resistance of forces, should be associated with an increase in force. Based on the understanding of the relations of mathematical model parameters, it was suggested that decreases in model parameters might indicate superior characteristic behavior in the valve. Moreover, the ndings indicated that the interactions between the derivatives and the coef cients were associated with dynamic characteristics of the valve opening area and transvalvular ow.
The ePTFE valve is designed to simulate anatomical structure of native pulmonary arterial heart valves comprising bulging sinuses and fan-shaped lea ets. The comparison of the viscosity parameter, which was calculated as the estimated coef cient of the rst derivative of ow between the native valve and ePTFE valve with bulging sinuses exhibited smaller difference than that between the native valve and ePTFE valve without bulging sinuses. Since the parameter c indicated the damper in the model, the change in c showed the resistance variation with accelerated transvalvular ow. There was a remarkable difference in c between the ePTFE valve with bulging sinuses and that without bulging sinuses. The changes in (dP/dt)/(dQ/dt) ( Table 2) showed similar differences as shown in Fig. 5 . Therefore, the calculated parameter c might be an indicator for estimating hemodynamic resistance caused by transvalvular ow acceleration. On the other hand, the calculated parameter k varied among the values tested as shown Fig. 7 . The transvalvular resistances derived from dP/Q showed similar characteristics in the parameter k . Consequently, the parameters c and k might be useful for estimating valvular dynamic resistance, and they could be used as a deterministic resistance parameter of the valve design.
In our previous study, we demonstrated the effectiveness of using bulging sinuses in ePTFE pulmonary valved conduits in terms of transvalvular energy loss and regurgitation [15] . In the present study, we established a linear mathematical model representing the dynamic response of the valve through opening and closing phases. The valvular motion we examined in the test and the analyses were focused on the systolic phase. As the valve closing phase and valve closure are anticipated to be more important in clinical application of pulmonary valvular reconstruction, useful parameters for the evaluation of closing function of various types of valves with different lea et shapes, bulging structures, and coaptation zone design should be elucidated. In the hemodynamic simulation using our pediatric pulmonary mechanical system, we used saline at room temperature as the circulatory medium. The effects of viscosity on the valve motion or hemodynamics should be investigated in future studies. Testing of uttering of the lea ets or cusps may be considered under similar viscosity condition in the mechanical circulatory system. Furthermore, the model parameters should be further evaluated in the future using several types of ePTFE valves with different bulging structures, both in mock systems as well as in animal experiments. Fig. 8 Comparison of experimental (dP) and calculated (estimated) pressure gradient waveforms using the mock circulatory system in a native pulmonary valve extracted from healthy goat, an ePTFE valved conduit with bulging sinus and an ePTFE valved straight conduit at 60 bpm (a, b and c, respectively) and 120 bpm (d, e and f, respectively).
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Conclusion
The purpose of this study was to provide quantitative evidence for previous valve structural design methods based on qualitative data or surgeon s experience. In this study, we examined the pulmonary hemodynamics using three different types of pulmonary heart valve in a pediatric mock circulatory system. We adopted an inverse analysis to quantify the mechanical characteristics of lea et motion in ePTFE valves. Then, we measured transvalvular pressure difference, ow rate, and used these hemodynamic data to establish a numerical kinematic model that represents valve response. Moreover, we accomplished quantitative expression of the mechanical parameters from the dynamic response of the valves. This method is potentially useful to achieve more sophisticated design of valved conduit for the pediatric heart. Our model parametric estimation quanti es ow resistance and valve opening resistance. By applying more concrete parameters such as lea et thickness, lea et shape and depth of bulging sinus, optimal shape design of ePTFE valved conduits might be achieved.
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